A TTENTION-DEFICIT HYPERACTIVITY DISOR-DER (ADHD) is characterized by excessive inattention, hyperactivity, and impulsivity. 1 Although it has been considered a childhood disorder for many years, symptoms can be seen to continue into adulthood in 65% of cases. 2 The estimated prevalence of ADHD in childhood has been reported to be 5.3%. 3 Although the cause and pathophysiology of ADHD are still not fully understood, the immune system is known to have a role in affecting the brain and behavior through established biological mechanisms. 4 Recent studies have suggested an association between inflammation and ADHD. There has been exploration of this association focused on measuring cytokines, indicating increased levels of peripheral proinflammatory cytokines, and finding cytokine gene polymorphisms. 5 Inflammation is a biological condition characterized by increased levels of acute-phase proteins and complement factors, cytokine cascades, and cellular immune responses. Inflammatory events induce cytokines, which may directly pass the blood-brain barrier or be carried into the brain via cytokinespecific transporters. 6 Researchers have also shown that peripheral cytokines may indirectly affect central nervous system structures through the activation of vagal afferent fibers. 7 Cytokines have been reported to play a pivotal role in tryptophan metabolism and dopaminergic pathways in the brain, which are also implicated in ADHD. Therefore, it is conceivable that alterations in pro-inflammatory and anti-inflammatory cytokines may be influential in the pathogenesis of ADHD. 8 In addition, studies of rodents have shown that the administration of cytokines, such as interleukin (IL)-1β, IL-2, and IL-6, can cause neurotransmission changes similar to those seen in ADHD, such as increased norepinephrine and reduced dopamine levels. 9, 10 Leukocytes play a central role in mediating inflammation, and therefore, changes in different leukocyte populations reflect the dynamic response of the immune system during inflammation. 11 The neutrophil/lymphocyte ratio (NLR) can be derived from the white blood cell count and is an inexpensive, reproducible test that has been suggested as a new indicator of chronic low-grade inflammation and a predictor of clinical outcomes in neuroimmune disorders. [12] [13] [14] Recent studies have shown significant correlations of NLR with established markers of inflammation, such as C-reactive protein (CRP) and other proinflammatory cytokines, such as interleukin-17 and tumor-associated macrophages. 15, 16 More importantly, the NLR is a ratio calculated from the counts of products of two different but complementary immune pathways. Neutrophils are an active non-specific inflammatory mediator, initiating the first line of defense and exhibiting phagocytic and apoptotic effects through the secretion of various inflammatory mediators. In contrast, lymphocytes represent the regulatory or protective component of the immune system. Since NLR reflects both immune pathways and is probably less affected by confounding conditions, it may be more informative than other widely used markers, such as IL-6, tumor necrosis factor-α, or CRP. 17 Specifically, the NLR has been found to be elevated in specific inflammatory-related conditions, such as acute bacterial meningitis, Crohn's disease, allergic rhinitis, familial Mediterranean fever, and obesity in children. 15, [18] [19] [20] [21] The growing interest in the role of inflammation in psychiatric disorders and the availability of blood counts in clinical populations have resulted in a few studies that have shown increased NLR in psychiatric patients, mostly in patients with affective symptoms, but also in those with schizophrenia. 12, [22] [23] [24] [25] Platelets are involved in the secretion of proinflammatory as well as anti-inflammatory processes, and leukocytes and progenitor cells accumulate in areas of inflammation. The platelet/lymphocyte ratio (PLR) is calculated as the ratio of the platelet-tolymphocyte count and it is a widely used simple marker that seems to be related with cardiovascular diseases, malignancies, chronic diseases, and infections. 26 Platelet volume increases when platelets become activated. Mean platelet volume (MPV) is one of the parameters in the routine complete blood count test and shows the average volume of platelets in circulation. Psychiatric disorders, such as schizophrenia, unipolar depression, and bipolar disorder, have abnormal (too low or too high) platelet counts and MPV parameters. For example, platelet counts are lower in patients with schizophrenia and higher in patients with unipolar depression. 27 However, in some reports, an increase of MPV has been negatively correlated with inflammation in chronic inflammatory diseases, such as subacute thyroiditis and psoriasis. 28, 29 In many acute infections (such as acute gastroenteritis and urinary tract infection), and chronic inflammatory diseases (such as juvenile systemic lupus erythematosus, rheumatoid arthritis, and polycystic ovary syndrome), an increase of MPV has been positively correlated with the inflammation parameters of CRP and erythrocyte sedimentation rate. [30] [31] [32] [33] [34] There are few studies that have examined the association between psychiatric symptomatology and inflammation in children and adolescents. 35 Specifically, very few studies have examined the association between an inflammatory state and ADHD in children and adolescents, and these have yielded conflicting data. 5 NLR, MLR, and PLR analysis are costeffective and readily available clinical markers of peripheral inflammation. To the best of our knowledge, no previous studies have evaluated the NLR, PRL, MLR, and MPV as inflammatory markers in children with ADHD. The aim of the present study was to investigate whether there are associations between ADHD and inflammation using the NLR, PRL, MLR, and MPV, a novel, easy, and inexpensive option that could be suitable for routine use.
METHODS Subjects
The study included a total of 82 drug-naive subjects, aged 6-16 years, who were admitted to Adnan Menderes University Faculty of Medicine Child and Adolescent Psychiatry Clinic and were newly diagnosed as having ADHD according to the DSM-5 criteria and thus subjects had not yet been treated with any medication. 36 The Conners' Teacher Rating Scale (CTRS) and the Turgay DSM-IV-Based Child and Adolescent Behavior Disorders Screening and Rating Scale (T-DSM-IV-S) were completed for all patients. 37, 38 The severity of ADHD symptoms was determined using these scales. All patients were screened for psychiatric disorders using the Schedule for Affective Disorders and Schizophrenia for School Aged Children, Present and Lifetime Version, which is based on the DSM-IV criteria. 39 A healthy control (HC) group was formed of 70 mentally and physically healthy subjects with similar sociodemographic characteristics. Any subjects with seizure disorders, mental retardation, autistic disorder, organic brain damage, psychotic disorder, conduct disorder, elevated blood pressure, hypercholesterolemia, any other acute or chronic physical illnesses, a history of any drug use during the last month, or smoking were excluded from the study. Patients with anemia or polycythemia, lymphopenia or lymphocytosis, neutropenia or neutrophilia, and thrombocytopenia or thrombocytosis in complete blood count analysis were also excluded from the study.
After providing a complete description of the study to the participants, written informed consent was obtained from their parents or legal guardians. Approval for the study was granted by the Ethics Committee of the Adnan Menderes University Faculty of Medicine. A semi-structured form was used to assess several sociodemographic and clinical variables of the patients. The medical records of the patients were also reviewed.
Venous blood samples were collected in VACU-ETTE tubes (Greiner Bio-One, Monroe, NC, USA). A complete blood count analysis was performed, and neutrophil, lymphocyte, and platelet counts were measured within 60 min with a Mindray Auto Hematology Analyzer BC-6800 (Shenzhen Mindray Bio-medical Electronics, Shenzhen, China) using standardized methods and reagents.
The systemic inflammatory markers of the NLR, PLR, MLR, and MPV were measured. The NLR was calculated as the absolute neutrophil count divided by the absolute lymphocyte count. The PLR was calculated as the absolute platelet count divided by the absolute lymphocyte count. The MLR was calculated as the absolute monocyte count divided by the absolute lymphocyte count.
Statistical analysis
Data were analyzed using SPSS for Windows 18 (SPSS, Chicago, IL, USA). The conformity of the data to normal distribution was assessed with the Kolmogorov-Smirnov test. Descriptive statistics were shown as means AE SD, and medians (25-75 percentiles), and frequencies were shown as percentages (%). The χ 2 -test was used for dual comparisons of independent categorical data. Comparisons between two groups of non-normally distributed independent variables were analyzed using the Mann-Whitney U-test. The Student's t-test was used for continuous variables with normal distribution. Multiple comparisons were made using analysis of variance. Analysis of covariance was performed to compare the groups after adjustment for age, sex, and body mass index (BMI). Pearson correlation analysis was applied to assess the correlation between normally distributed independent variables, whilst Spearman's correlation analysis was used for non-normally distributed independent variables. A value of P < 0.05 was considered statistically significant. The optimal cut-off points of the inflammatory markers that differentiated groups from each other were assessed with receiver-operator curve (ROC) analysis, calculating the area under the curve (AUC) to give the maximum sum of sensitivity and specificity for the significant test. Sensitivity, specificity, positive and negative predictive values were also calculated at the optimal cutoff point for each inflammatory marker.
RESULTS
This study included 82 children with ADHD -65 boys and 17 girls -with a mean age of 8.9 AE 1.96 years. An HC group included 70 healthy subjects -60 boys and 10 girls -with a mean age of 9.2 AE 2.03 years. There was no significant difference in mean age (P = 0.586), sex (P = 0.322), or BMI (P = 0.578) distribution between the groups. The demographic characteristics of the subjects are summarized in Table 1 .
The NLR, PLR, MLR, MPV, and neutrophil count values were significantly higher in children with ADHD than in the HC (P < 0.001, P = 0.006, P = 0.023, P = 0.018, P = 0.026, respectively). The lymphocyte counts were significantly lower in the ADHD group (P = 0.041). There was no significant difference between the groups in terms of platelet and monocyte counts (P > 0.05; Fig. 1 ).
In the identification of ADHD subtypes, 55 (67%) patients were diagnosed with ADHD combined type, 25 (30.5%) with ADHD inattentive type, and two (2.5%) with ADHD hyperactive/impulsive type.
The sociodemographic features of age, sex, and BMI were not correlated with inflammatory markers (P > 0.05). There were no significant differences in inflammatory markers among the combined and predominantly inattentive subtypes of ADHD (P > 0.05).
The NLR, PLR, MLR, and MPV levels in the subgroups of ADHD were significantly higher than in the HC group (P < 0.05, for all) and these values remained significant even after adjustment for age, sex, and BMI.
In the ADHD group, CTRS Hyperactive scores, CTRS Attention Deficit scores, and CTRS Behavioral Problem scores were 11.76 AE 4.84, 12.47 AE 4.55, and 6.47 AE 3.28, respectively. T-DSM-IV-S Hyperactivity/Impulsivity scores were determined as 12.63 AE 7.57, T-DSM-IV-S Inattention scores as 15.47 AE 5.18, T-DSM-IV-S Opposition/Defiance scores as 6.64 AE 4.71, T-DSM-IV-S Conduct Disorder scores as 2.74 AE 2.83, and T-DSM-IV-S Total scores as 37.50 AE 20.18 in children with ADHD.
Correlations between the inflammatory markers and T-DSM-IV-S subscale and CTRS scores were evaluated in the patient group. No associations were found between the inflammatory markers and these questionnaire scores.
NRL was significantly positively correlated with PLR and MLR (r = 0.652, P < 0.001; r = 0.757, P < 0.001; respectively). No correlation was determined between the MPV and NLR, PLR, and MLR values.
The ROC was plotted, and the cut-off point for NLR was 1.62, PLR was 130.55, MLR was 0.23, and MPV was 9.45 fL, which might be used for predicting ADHD. In the ROC, NLR ≥ 1.62, PLR ≥ 130.55, MLR ≥ 0.23, and MPV ≥ 9.45fL were determined as significant for predicting ADHD. Sensitivity, specificity, and positive and negative predictive values were calculated at the optimal cut-off points given in Figure 2 . Sensitivity and specificity of NLR was 54% and 70%, PLR was 36% and 72%, MLR was 45% and 66%, and MPV was 56% and 59% in children with ADHD.
DISCUSSION
In this study, the inflammation status of children with ADHD was evaluated by comparing the NLR, PLR, MLR, and MPV in pediatric ADHD patients and an HC group. The results of the study revealed that the NLR, PLR, MLR, and MPV values in the ADHD group were significantly higher than those in the HC group. To the best of our knowledge, this is the first study in the literature to examine the NLR, PLR, MLR, and MPV as markers of inflammation in ADHD children.
Until relatively recently, the causal relation between ADHD and inflammation has remained unclear. There have been a limited number of studies reporting altered levels of inflammatory biomarkers in children and adolescents with ADHD. Oades et al. showed higher but non-significant increases in some cytokines, such as interferon-γ, IL-6, and IL-10, in patients with ADHD that normalized in a medicated group. 8 In another study, a correlation was determined between increased cytokines and certain symptoms of ADHD, specifically, between increased IL-13 (anti-inflammatory) and inattention and increased IL-16 (proinflammatory) and hyperactivity. 40 Although inflammatory cytokines are useful biomarkers, their increased cost and limited availability are drawbacks. White blood cell count is a widely used, low-cost inflammatory marker. Neutrophils are the most abundant type of white blood cells, and neutrophils and leukocytes are known to play a significant role in the course of inflammatory diseases. They have key functions in the inflammatory response, with neutrophils being the first cells to respond to inflammation, especially inflammation caused by bacterial infection, cancer, or environmental exposure. The NLR is a low-cost, routinely used, reproducible test that can be derived from the white blood cell count and has been shown to be a marker of systemic inflammatory response. Neutrophils induce the secretion of several inflammatory cytokines, and the inflammation thus triggered by these molecules can lead to further inflammation due to cell dysfunction in various organs.
To the best of our knowledge, the NLR, PLR, and MLR have not yet been studied in ADHD. Therefore, NLR, PLR, and MLR elevations in ADHD are novel findings, demonstrating that there may be an increased inflammatory response in the body in ADHD.
It has been suggested that platelets play an important role in inflammatory processes. As MPV is a known marker of platelet activity, it is widely used as a measure of platelet size. In various diseases characterized by inflammation, MPV levels have been found to be elevated. Therefore, MPV is considered an inflammatory marker. [30] [31] [32] [33] [34] Yorbik et al. reported significantly higher MPV values in children with ADHD than in an HC group. 41 In that study, the increased MPV values were attributed to the underlying mechanism of the relation between ADHD and cardiovascular disease. Similarly, in the current study, MPV values were found to be higher in the ADHD group than in the HC group. This suggests that, similar to the NLR, PLR, and MLR, the MPV value could be used as a marker of inflammation in children with ADHD.
In a recent review, the authors reported that the development of chronic allergic inflammation in children was associated with increased inflammatory cytokine levels and was observed to interfere with the development of brain regions (such as the prefrontal cortex, anterior cingulate cortex, and corpus callosum), and neurotransmitter systems (such as the catecholaminergic and dopaminergic systems), which are known to have a key role in executive functions, including attention, motivation, planned behavior, and decision-making. 42 Changes in the maturation of these specific brain circuits could lead to persistent neural or neuroendocrine changes, thus increasing the risk of ADHD in children affected by this syndrome. The previously reported increased level in serum IL-6 implies that the endocrine system exerts an effect on brain receptors. 43 There is also compelling evidence that neuroimmune mechanisms that involve behaviorally and emotionally relevant brain circuits are activated by inflammatory cytokines. In this respect, it has been determined in animal studies that allergen exposure and/or an allergic reaction stimulates limbic brain regions in addition to avoidance behavior, increased anxiety, and reduced social behavior. 44, 45 In humans, altered neuronal activity of the anterior cingulate cortex and the prefrontal cortex during a chronic (allergic) episode has been demonstrated using functional magnetic resonance imaging. 46 In conclusion, the results of the current study suggest the possible presence of this type of pathogenetic mechanism in part of the ADHD pediatric population. In the present study, no significant associations were observed between NLR, PLR, MLR, MPV and either subtypes of ADHD diagnosis or ADHD severity. This suggests that increased inflammation may be attributed to the whole disease entity. In other words, increased inflammation at or over a certain level may be related to ADHD diagnosis and may not necessarily be related to the severity at the same time.
In the majority of epidemiological studies, the most prevalent subtypes have been the combined and inattentive subtypes of ADHD, and the least frequent has been the hyperactive/impulsive subtype. 47 The ADHD group in this study was consistent with the literature in terms of the distribution of subtypes. Furthermore, the exclusion of comorbid psychiatric disorders and mental retardation may have contributed to the reliability of the present findings.
Although a relatively large number of ADHD patients were examined, the results of the present study need to be considered in the context of the following limitations. First and foremost, this was a cross-sectional study, which did not permit the interpretation of the causal relationships between increased NLR, PLR, MLR, MPV, and ADHD. Second, the subtypes of lymphocytes were not investigated. Third, other immune system indicators, such as cytokines, were not evaluated. Therefore, it was not possible to determine whether increased NLR, PLR, MLR, and MPV are independent markers of alterations in the immune system of ADHD children. Finally, neutrophil counts are highly variable among individuals and have a short lifespan of approximately 5 days.
Conclusions
The present study can be considered the first to investigate the NLR, PLR, and MLR in children with ADHD. The findings demonstrated that the NLR is higher in physically healthy, non-obese pediatric patients with ADHD than in physically and mentally healthy control subjects. This finding suggests that elevated NLR levels may be involved in the inflammatory pathophysiology of childhood ADHD.
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